Modern advances in the mechanical processing of unmanufactured tobacco have developed conditions which could be favorable for the discoloration, carbonization, and possible pyrogenic reaction of flue-cured tobacco. Severe carbonization has been found in fluecured tobaccos with moisture, packed temperature, and packed densities as low as 11%, 40 •c, and 370 kg I m 3 respectively, and sugar contents as low as 14% (moisture-free basis). We have focused our investigation on the redrying, prizing, and storage processes. The parameters chosen for this study iD.cluded moisture content, packed temperature and packed density, and the insulative effects of packing containers as well as the effect of row position in storage. Data from the redrying and prizing processes were recorded for each container of tobacco. The tobacco temperature was monitored every four hours for the first 72 hours after packing and periodically thereafter when conditions so indicated. Samples for color comparison and chemical analysis were taken at the beginning of each test, after 72 hours in storage and later as necessary. Key factors identified were packed density, moisture content and sustained internal temperature. A model for carbonization is proposed and an extension is made for the pyrogenic reaction.
respectively, and sugar contents as low as 14% (moisture-free basis). We have focused our investigation on the redrying, prizing, and storage processes. The parameters chosen for this study iD.cluded moisture content, packed temperature and packed density, and the insulative effects of packing containers as well as the effect of row position in storage. Data from the redrying and prizing processes were recorded for each container of tobacco. The tobacco temperature was monitored every four hours for the first 72 hours after packing and periodically thereafter when conditions so indicated. Samples for color comparison and chemical analysis were taken at the beginning of each test, after 72 hours in storage and later as necessary. Key factors identified were packed density, moisture content and sustained internal temperature. A model for carbonization is proposed and an extension is made for the pyrogenic reaction. (1) (2) (3) (4) (5) (6) (7) . This paper is a study of the conditions that exist during the processing and storage of unmanufactured _Jlue-cured tobacco, and will try to determine the factors responsible for carbonization.
For the purpose of this paper, we define carbonization as an exothermic reaction which occurs in a package of redried flue-cured tobacco, resulting in blackening or caramelization of the tobacco (2). Completely carbonized tobacco has no commercial value and is unfit for future use.
CARBONIZATION OF UNITED STATES FLUE-CURED TOBACCO
Over five years ago, in late August, quantities of South Carolina and Eastern Carolina flue-cured strip tobaccos were found to have become carbonized following processing and storage at a United States processing plant. These tobaccos were purchased at auction in the South Carolina and Eastern Carolina belts and were predominantly from the middle stalk position. The tobaccos were purchased and shipped in burlap sheets to a green prizing plant where the tobacco was compressed into bulk bales with a net weight of approximately 635 ~ilo grams and a packed density of about 400 kilograms per cubic meter. The bales were wrapped in 13 !1l1l plastic fdm and then shipped to a stemmery where they were held in temporary storage for a short period prior to processing. The tobaccos were removed from storage and placed in a vacuum moisture conditioning system at a steam tem·peratufe of 38-46 •c. After moisture conditioning, the tobacco was introduced directly into the threshing process through a bulking conveyor, and was not subjected to electronic or manual searching. Bypassing the searching process caused the tobacco to enter the thresher at a higher temperature with a higher moisture content than tobacco which has passed through the searching process. The redried strip products were packed in two-piece full telescope corrugated cases with inside dimensions of 106.7 cm long X 73.3 cm wide X 69.2 cm high, and a volume of 0.542 cubic meter. The tobacco was packed at a net weight of 200 kilograms, at a density of 370 kilograms per cubic meter. The packed temperature ranged from 40 "C to 45 "C with a weighted average of 42 •c. The oven volatiles of the redried product ranged from 12.0% to 14.4% with a weighted average of 12.8% as measured in a Hearson steam oven for 16 hours at 100 "C. The reducing sugar content of these tobaccos averaged 16.9% (moisturefree basis). After the tobacco was packed, it was moved directly to a storage warehouse of standard metal clad, concrete floor construction. The building lacked adequate ventilation since it was filled to capacity during August, the entrance doors were closed, and all the joints in the building were sealed with vinyl plastic to prepare the storage for fumigation. Identical grades of tobacco were processed at two different stemmeries at approximately the same time; however, carbonization occurred at only one location. In addition, a grade of lower stalk .. thin" tobacco with a lower reducing sugar content but otherwise the same was run at both processing ·plants during the same period with no damage. Measurements made during the processing of the carbonized and non-carbonized tobaccos are shown in Table 1 .
Analyzing the production and handling data as well as the properties of the tobaccos processed, we were able to identify several factors which were most likely responsible for the carbonization: 6. An average ambient temperature of 27 ·c during the period and an average relative humidity of 88.6%.
A review of the records of the affected grades revealed that these tobaccos were packed in hogsheads until 1977, thereafter the tobaccos were packed in corrugated cases. As a result, the product is now being packed at a 9% higher density in a material having a 75% lower heat transfer coefficient (8) . with a type J thermocouple, and in storage with a type J thermocouple insened in the center of the tobacco cake, Product temperature in storage was recorded every four -!tours for the first 72 hours after packing. In the Canadian tests, the cases were held in the scrap room where ambient temperatures of about 36 •c could be maintained. During each test run, a sample of tobacco was taken from the product stream and reserved for color comparison. At the end of the 72-hour test period, representative samples were taken from the test cases and compared to the control sample. The control sample was held throughout these tests so a direct comparison could be made in case of a delayed reaction in a particular case of tobacco. Due to the mechanics of the redrying process, it is generally true that as packed moisture increases, packed temperature decreases. As expected, our tests showed that there is a direct correlation between the increase in moisture content and the degree of increase in the packed temperature during storage (Table 2) .
PACKED DENSITY TESTS
Test tobacco was packed at densities ranging from 370 to 430 kilograms per cubic meter in corrugated cases of moderate thermal conductance. Packed temperature 98 w~s a secondary variable in this test. Our tests show that tobac~o paCked at a relatively low density and packed temperature reached about the same peak temperature 16-20 hours after packing as did tobacco packed at high density and temperature (fable 3).
PACKAGING MATERIAL TESTS
In the packaging material study, we examined the contribution of different materials and designs to the heat buildup inside the tobacco cake. In addition to a plywood container, we chose a corrugated container with the lowe.st heat transfer coefficient, thus providing the widest range of values for our tests. In order to provide a control test, tobacco was packed in a wire-bound plywood c~se and transponed to a storage warehouse where me case material was easily removed.
Corrugated cases have between 3.75 to 4.5 times the insulating ·power of plywood used in hogsheads and wooden cases. Our tests indicate that the internal temperature", 'Of tobacco packed in corrugated cases is 0.5-1 "C higher after four hours in storage as compared to plywood and no container. After 72 hour~, the temperature of tobacco packed in corrugated cases averaged 2 "C higher than that of tobacco packed in plywood cases. Although some discoloration was noted in the factory test samples, we did not observe any instances of true carbonization.
CONCLUSIONS
With the earlier introduction of high capacity strip redryers, corrugated packaging material, and higher packed densities and redried moistures, the industry created a set of conditions which increase the chances for carbonization of redried flue-cured tob.acco. We have determined that carbonization can occur under a unique set of circumstances where each of the following conditions are present to some extent:
1. Leaf density: "Bodied" tobaccos from the middle and upper stalk positions have higher leaf density and reducing sugar content than "thin" or lower stalk tobaccos, and appear to be much more susceptible to carbonization.
2, Sugar content:
Tobacco with a high sugar content tends to scorch easily. Reducing sugars react with amino acids in tobacco releasing heat and promoting the pyrogenic reaction:
reducing sugars + amino acids heat moisture reduced sugars + reaction products+ (heat+ moisture).
As the reaction proceeds, the heat generated inside the case of tobacco increases, and the tobacco may eventually begin to smolder and char.
3. Green moisture: Tobacco which is highly compressed in green prized bales ( 400 kg I m 3 ), re~ quires more vacuum conditioning than tobacco in sheets so the tobacco can be loosened for feeding and transporting through the system. Also, higher heat and steam are needed in the ordering drums so that the tobacco can be opened and threshed properly.
Redryer performance:
In extremely hot weather, drying of tobacco is easier, therefore facilitating higher production output. Hot atmospheric conditions reduce heat losses of tobacco in the ordering sections, which means that chamber temperatures will be higher than normal. At higher temperatures, there is lower relative humidity and lower vapor pressure in the chambers, and more steam must be added so the tobacco will order properly. The effect of this is to raise the temperature of the tobacco even more.
Packed temperatures:
It is believed that scorching occurs when the temperature of the tobacco reaches 54-57 oc. Our tests show that there is a gradual increase in packed temperature for 16-20 hours after packing. High packed temperatures can result in sufficient heat buildup inside a case of tobacco to trigger a pyrogenic reaction.
6. Packed density: Tobacco packed at a higher density tends to cool at a slightly slower rate than tobacco packed at a lower density. The tobacco packed at a higher density may also be unevenly distributed throughout ~e case. At high packed temperatures, these areas of very high tobacco density may provide "hot spots" where the conditions for carbonization are ideal.
7.
Packaging material: Corrugated cases have four times the insulating power of the plywood used in hogsheads and wooden cases. The corrugations have air spaces which provide insulation, and tobacco packed in corrugated cases cools at a much slower rate than tobacco packed in plywood.
Storage conditions:
The combination of a large quantity of tobacco packed in corrugated cases at high temperature 'and density, stacked in an unventilated storage building during hot weather caused a buildup of heat in the cases stored in the center of the rows. There were instances where the cases on the ends of the rows were in excellent condition, while adjacent cases stored in the center of the row were found to have carbonized.
